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During hair follicle (HF) morphogenesis, p75 neurotrophin receptor (p75NTR) reportedly is the first growth factor receptor
found to be expressed by those fibroblasts that later develop into the dermal papilla (DP) of the HF. However, the functional
role of p75NTR in HF morphogenesis is still unknown. Studying HF development in fetal and neonatal C57BL/6 murine
back skin, we show that p75NTR-immunoreactivity (IR) is prominently expressed by DP fibroblasts as well as by skin
nerves during the early steps of HF development. In contrast, p75NTR-IR disappears from the DP in the fully developed HF
and it is expressed only in the epithelial outer root sheath of the HF. Compared to age-matched wild-type animals, p75NTR
knockout (2/2) mice show significant acceleration of HF morphogenesis, and DP fibroblasts of p75NTR knockout mice
how reduced proliferative activity in situ, indicating alterations in their transition from proliferation to differentiation.
lthough no significant differences in the expression of adhesion molecules (NCAM), selected morphogens (TGFb-2, HGF/SF,
GF-2, KGF), or their receptors (TGFbR-II, m-met, FGFR-1) were seen between DP of p75NTR knockout and wild-type mice,
p75NTR mutants showed a prominent upregulation of FGFR-2, a high-affinity receptor for KGF, in both follicular DP and
epithelium. Furthermore, the administration of anti-KGF neutralizing antibody significantly inhibited acceleration of HF
morphogenesis in p75NTR knockout mice in vivo. These observations suggest that p75NTR plays an important role during HF
morphogenesis, functioning as a receptor that negatively controls HF development, most likely via alterations in DP fibroblast
proliferation/differentiation and via downregulation of KGF/FGFR-2 signaling in the HF. © 1999 Academic Press
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Hair follicle (HF)3 morphogenesis is governed by complex
idirectional ectodermal–mesenchymal interactions be-
1 Present address: Department of Dermatology, Boston Univer-
sity School of Medicine, Boston, MA 02118.
2 To whom correspondence should be addressed at Department
f Dermatology, University Hospital Eppendorf, University of
amburg, Martinistrasse 52, D-20246, Hamburg, Germany. Fax:
149-40 42803 6744. E-mail: paus@uke.uni-hamburg.de.
3 Abbreviations used: BDNF, brain-derived neurotrophic factor;
P, dermal papilla; FGF, fibroblast growth factor; FGFR, fibroblast
rowth factor receptor; FNB, follicular neural network B; HF, hair
ollicle; IR, immunoreactive or immunoreactivity; IRS, inner root
heath; KC, keratinocyte; KGF, keratinocyte growth factor;
CAM, neural cell adhesion molecule; NGF, nerve growth factor;
T-3, neurotrophin-3; NT-4, neurotrophin-4; ORS, outer rootkheath; p75NTR, p75 neurotrophin receptor; TrkA, B, C, tyrosine
inase A, B, C.
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All rights of reproduction in any form reserved.ween epidermal keratinocytes (KC) and a specialized popu-
ation of dermal fibroblasts (Hardy, 1992; Mu¨ller-Ro¨ver and
aus, 1998; Oro and Scott, 1998; Paus et al., 1999; Paus and
otsarelis, 1999; Philpott and Paus, 1998; Stenn et al.,
996). Every step in HF development is stringently con-
rolled by a balance between numerous stimulatory and
nhibitory growth factors, which results in the formation of
hair shaft-producing miniorgan. One such group of growth
actors appears to be neurotrophins (NT), a family of struc-
urally and functionally related polypeptides, including
erve growth factor (NGF), brain-derived neurotrophic fac-
or (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4
NT-4) (Lewin and Barde, 1996).
Several studies have demonstrated involvement of NT in
F development. For instance, NGF and NT-3 knockout
ice display hair growth retardation, while NT-3 overex-
ressing mice show acceleration of HF development (Botch-
arev et al., 1998a; Crowley et al., 1994). The biological
effects of neurotrophins are mediated by two distinct
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136 Botchkareva et al.classes of receptors, (high-affinity receptors of the Trk
family and the low-affinity p75 neurotrophin receptor
(p75NTR) (Barbacid, 1994; Bothwell, 1995; Chao, 1992,
1994; Lewin and Barde, 1996; Meakin and Shooter, 1992).
Reportedly, both Trk and p75 NTR are expressed in the
developing HF (Botchkarev et al., 1998a; Holbrook and
inami, 1991; Holbrook et al., 1993; Moll, 1994). Hence,
eurotrophins and their receptors play a role in HF devel-
pment, but the functional role of these molecules in this
rocess remains to be elucidated.
The p75NTR is a transmembrane glycoprotein that be-
ongs to a family of structurally related cytokine receptors
TNF type I and II receptors, Fas-Apo1 receptor, CD40,
D30, CD27) that are characterized by an extracellular
omain with repeated cysteine clusters, as well as by an
ntracellular domain containing a serine/threonine-X-
aline carboxy-terminal motif similar to that of Fas and
NFRI, referred to as the “death domain” (reviewed in
arter and Lewin, 1997; Chao, 1994; Dechant and Barde,
997). All members of the neurotrophin family bind with
qually low affinity to p75NTR, while in some models a
igh-affinity interaction between NT-3 and p75NTR was
emonstrated as well (Bothwell, 1995, 1996; Dechant et al.,
997).
p75NTR performs diverse functions depending on
hether it is coexpressed with Trk receptors or whether it
s expressed alone. According to current dogma, the coex-
ression of p75NTR with Trk receptors leads to signaling
hrough Trk receptors and to enhancement of cell survival
y NT stimulation (Carter and Lewin, 1997; Dechant and
arde, 1997). Expression of p75NTR alone on the cell
embrane results in different effects: stimulation of apop-
osis via increase of intracellular ceramide levels, activation
f the nuclear transcription factor k B (NF-kB; Carter et al.,
1996), and modulation of growth factor production by target
cells (Seidl et al., 1998; Wexler et al., 1998).
Increasing evidence suggests the involvement of p75NTR
n the morphogenesis of numerous nonneuronal tissues. It
as been observed that during organogenesis, expression of
75NTR is independent of Trk receptors (Wheeler et al.,
998). p75NTR has been found in developing limb, kidney,
axillary pad, tooth, lung, muscle, testis, and pituitary
Alpers et al., 1993; Baron et al., 1994; Byers et al., 1990;
uukko et al., 1996; Ramaekers et al., 1997; Russo et al.,
994; Sariola et al., 1991; Seidl et al., 1998; Wheeler and
othwell, 1992; Wheeler et al., 1998). During embryonic
evelopment of human skin, p75NTR is expressed by nerve
bers and endothelial cells, as well as by the specialized
opulation of dermal fibroblasts, which later form the
ermal papilla (DP) of the HF (Holbrook and Minami, 1991;
olbrook et al., 1993; Moll, 1994).
However, the functional significance of p75NTR in HF
orphogenesis is still obscure. To explore this role, we
ave systematically analyzed p75NTR distribution during
ll stages of perinatal HF development in normal C57BL/6
ice, employing single and double immunovisualization of
75NTR and other neuronal markers. Also, neonatal HF
Copyright © 1999 by Academic Press. All rightevelopment in p75NTR knockout (2/2) mice (Lee et al.,
992) was compared with corresponding wild-type animals
y quantitative histomorphometry. Furthermore, the ex-
ression of proliferative and apoptotic markers (Ki-67,
UNEL, Bcl-2), other NT receptors (TrkA, TrkB, TrkC),
dhesion molecules (NCAM), as well as selected morpho-
ens and their receptors (TGFb-2, TGFbRII, HGF/SF,
-met, FGF-2, KGF, FGFR-1, and FGFR-2) by dermal pa-
illa fibroblasts during HF morphogenesis was compared
etween p75NTR knockout and age-matched wild-type
ice. Finally, the effects of anti-KGF neutralizing antibody
n HF morphogenesis were assessed in p75NTR null and
ild-type mice in vivo.
MATERIALS AND METHODS
Animals and Tissue Collection
C57BL/6 mice were purchased from Charles River Laboratories
(Sulzfeld, Germany) and housed in community cages at the animal
facilities of the Charite´-Virchow Hospital (Berlin). p75NTR knock-
out mice, generated in C57BL/6 background as described (Lee et al.,
1992), were obtained from The Jackson Laboratory (Bar Harbor,
ME). All mice were fed water and mouse chow ad libitum.
For the analysis of HF morphogenesis, embryonic and neonatal
skin was harvested at various time points of estimated gestational
age [embryonic days 14, 16, and 18 (E14, E16, and E18)] or postnatal
age [postnatal days 0, 1, 2, 3, 6, and 10 (P0–P10)], respectively. Most
back skin pelage HFs in mice develop perinatally, and even 1 day
after birth (pp) all stages of HF morphogenesis can still be observed
in mouse skin (Dry, 1926; Paus et al., 1997a; Vielkind et al., 1995;
Paus et al., 1999). For the immunohistochemical analysis, back
kin was harvested parallel to the vertebral line and was embedded
uickly into embedding medium and frozen in liquid nitrogen,
sing a special technique for obtaining longitudinal cryosections
hrough the HF from one defined site (Paus et al., 1994, 1999).
Immunohistochemistry and TUNEL
p75NTR immunoreactivity (IR) was studied in acetone-fixed
cryostat sections (8 mm) of embryonic and neonatal C57BL/6
ouse back skin using the rat monoclonal antibody against the
orresponding mouse antigen (see Table 1), employing the alka-
ine phosphatase anti-alkaline phosphatase (APAAP) method, as
escribed previously (Lindner et al., 1997). In additional experi-
ents, rabbit polyclonal antibody against the extracellular do-
ain of mouse p75NTR, which was proven previously to recog-
ize mouse p75 NTR in the Western blot assay (Huber and Chao,
995), was used. For studying Ki67-IR, Bcl-2-IR, Trk-receptor-IR,
CAM-IR, TGFb-2-IR, TGFbRII-IR, HGF/SF-IR, m-met-IR,
FGF2-IR, KGF-IR, FGFR-1-IR, and FGFR-2-IR, the indirect im-
munofluorescence method was employed as described previ-
ously (Botchkarev et al., 1997a,b; Mu¨ller-Ro¨ver et al., 1998).
Briefly, cryosections were incubated with the corresponding
primary antisera (see Table 1) overnight at room temperature,
followed by incubation with F(ab)2 fragments of tetra-
methylrhodamine-isotiocyanate (TRITC)-labeled goat anti-
rabbit, goat anti-rat, donkey anti-goat, or donkey anti-sheep IgG
(Jackson ImmunoResearch, West Grove, PA; 45 min at 37°C). For
s of reproduction in any form reserved.
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137p75 Neurotrophin Receptor and Hair Follicle MorphogenesisTABLE 1
Primary Antibodies
Antibody against Abbreviation Antigen Dilution Species Manufacturer
Bcl-2 Bcl-2 Murine Bcl-2 p26 protein (Lindner et al., 1997;
Botchkarev et al., 1998c)
1:2000 Hamster Pharmingen
(San Diego, CA)
Fibroblast growth
factor-2
FGF-2 Amino acid sequence mapping within the amino-
terminal domain of human FGF-2 precursor
1:200 Goat Santa Cruz
Biotechnology
(Santa Cruz, CA)
Fibroblast growth
factor receptor-1
Flg (C15) or
FGFR-1
Amino acids 808–822 mapping at the carboxy
terminus of Flg receptor (FGFR-1)
1:50 Goat Santa Cruz
Biotechnology
Fibroblast growth
factor receptor-2
Bek (C17) or
FGFR-2
Amino acids 789–802 mapping at the carboxy
terminus of Bek receptor (KGF-R)
1:50 Rabbit Santa Cruz
Biotechnology
Fibroblast growth
factor receptor-2
FGFR-2 Intracellular kinase domain of murine FGFR-2;
recognizes FGFR-2 IIIb isoform in the epithelial
cells
1:50 Rabbit Gift of Dr. S.
Werner
Hepatocyte growth
factor/scatter factor
HGF/SF Murine HGF/SF (Lindner et al., in press) 1:100 Sheep Gift of Dr. E
Gherardi
Keratinocyte growth
factor
KGF Murine KGF 1:50 Rabbit Gift of Dr. S.
Werner
m-met (receptor for
HGF/SF)
m-met Amino acid sequence mapping at the carboxy
terminus of mouse c-met, p140
1:200 Rabbit Santa Cruz
Biotechnology
Neural cell adhesion
molecule
NCAM Murine NCAM, clone H28-123-16 (Mu¨ller-Ro¨ver
et al., 1998)
1:100 Rat Boehringer
Mannheim (FRG)
uclear matrix-
associated
proliferation-
related antigen
Ki-67 Murine Ki-67 (Gerdes et al., 1990; Magerl et al.,
in press)
1:100 Rabbit Dianova (Hamburg,
FRG)
75 low-affinity
neurotrophin
receptor
p75NTR Murine p75NTR (Rao and Anderson, 1997;
Lindner et al., 1997)
1:100 Rat Chemicon
International Inc.
(Temecula, CA)
75 low-affinity
neurotrophin
receptor
p75NTR Amino acids sequence mapping at the carboxy
terminus of the p75NTR precursor of human
origin
1:50 Goat Santa Cruz
Biotechnology
75 low-affinity
neurotrophin
receptor
p75NTR Amino acids 43–161 of the extracellular domain
of mouse p75NTR (Huber and Chao, 1995)
1:100 Rabbit Chemicon
International Inc.
rotein gene
product 9.5
PGP9.5 PGP9.5 from human brain (Botchkarev et al.,
1997a, 1998b)
1:1000 Rabbit Paesel 1 Lorei
(Frankfurt, FRG)
Protein S100 S100 S100 from bovine brain (Botchkarev et al., 1997a,
1998b)
1:500 Rabbit Biogenesis (Poole,
UK)
Transforming
growth factor b-2
TGFb2 Amino acids sequence mapping at the carboxy
terminus of the precursor form of TGFb2
(Wollina et al., 1996; Foitzik et al., 1999)
1:500 Rabbit Santa Cruz
Biotechnology
ransforming
growth factor b
receptor II
TGFbRII Amino acids sequence mapping within the
carboxy-terminal domain of the precursor form
of human TGFbRII p70 (Paus et al., 1997a)
1:250 Rabbit Santa Cruz
Biotechnology
yrosine kinase A,
full-length
form gp140
TrkA Amino acids 763–777 of the carboxy-terminal
domain of the TrkA protein, gp140 (Bronzetti
et al., 1996; Shibayama and Koizumi, 1996)
1:50 Rabbit Santa Cruz
Biotechnology
yrosine kinase B,
full-length form
gp145
TrkB Amino acids sequence mapping adjacent to the
carboxy-terminus precursor form of TrkB gp145
of mouse origin
1:100 Goat Santa Cruz
Biotechnology
yrosine kinase B,
truncated form
gp95
TrkB Carboxy-terminal domain of the truncated TrkB
protein, gp95 (Klein et al., 1990)
1:50 Rabbit Santa Cruz
Biotechnology
yrosine kinase C, TrkC Amino acids sequence mapping at the carboxy 1:50 Rabbit Santa Cruz
full-length
form gp140
terminus of the precursor form of protein
TrkC, gp140 (Botchkarev et al., 1998a)
Biotechnology
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
138 Botchkareva et al.FIG. 1. p75NTR expression in murine back skin during hair follicle morphogenesis. (For summary, compare with Fig 2.) Cryosections (8
mm) of back skin of embryonic and neonatal C57BL/6 mice (E18.5-P10) were immunostained with antibody against p75NTR. (A, B) Stages
1–2 of HF morphogenesis. Expression of p75NTR-IR in fibroblasts, forming dermal condensation around the hair placode (arrows) and in
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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139p75 Neurotrophin Receptor and Hair Follicle Morphogenesisdetection of Bcl-2-IR, biotinylated goat anti-hamster IgG was
used as a secondary antibody, and development of fluorescence
was performed with TRITC-tyramide using the tyramide ampli-
fication kit (DuPont NEN, Boston, MA) as described previously
(Botchkarev et al., 1999a).
For double immunovisualization of p75NTR- and PGP9.5- or
S100-IR, cryosections of C57BL/6 neonatal murine skin fixed with
perfusion of the paraformaldehyde–picric acid mixture (Botchkarev
et al., 1997a,b) were immunostained with anisera against PGP9.5
or S100 (see Table 1) overnight at room temperature followed by
incubation with Cy-2-conjugated secondary goat anti-rabbit IgG
(Dianova, Hamburg, Germany; 1:20, 45 min at 37°C). Then sec-
tions were incubated with goat anti-p75NTR polyclonal antiserum
(see Table 1) overnight at room temperature, followed by incuba-
tion with TRITC-conjugated donkey anti-goat IgG (Dianova; 1:200,
45 min at 37°C).
For all antisera, incubation of skin sections without primary
antisera was used as a negative control. In addition, for antisera
against TrkA, TrkB, TrkC, FGFR-1, FGFRR-2, and FGF2, the
preabsorption of primary antisera with 100 mg/ml of the corre-
ponding antigenic peptides (37°C for 60 min) was used as negative
ontrol. Furthermore, cryostat sections of skin from p75NTR
nockout mice were used as a negative controls for antibody
gainst p75NTR. As a positive control of immunostaining, cryostat
ections of E18.5 C57BL/6 mouse embryos and skin of adolescent
57BL/6 mice in the anagen VI stage of the depilation-induced hair
ycle (Paus et al., 1990) were used. All these controls demonstrated
ensitivity and specificity of the IR patterns detected with the
rimary antibodies listed in Table 1.
To evaluate apoptotic cells, we used an established, commer-
ially available TUNEL kit (ApopTag, Oncor, Gaithersburg, MD) as
escribed previously (Bulfone-Paus et al., 1997; Lindner et al.,
997). Negative controls for the TUNEL staining were made by
mitting TdT, according to the manufacturer’s protocol. Positive
UNEL controls were run as described (Bulfone-Paus et al., 1997)
y comparison with tissue sections from the thymus of young
ice, which display a high degree of spontaneous thymocyte
poptosis (Lindner et al., 1997). In all immunostaining protocols,
ounterstaining by Hoechst 33342 (Sigma, St.Louis, MO; 10 mg/ml
n TBS for 30 min at room temperature) was used for identification
f cell nuclei (Lindner et al., 1997). Slides were studied under a light
nd a fluorescence Zeiss Axioscope microscope and were pho-
odocumented using a digital image analysis system (ISIS MetaSys-
em, Altlussheim, Germany).
skin nerves located below the developing HF (arrowheads). (C, D)
dermal fibroblasts alongside the HF (small arrowheads), and in nerv
6. Decline of p75NTR-IR expression in DP (arrow). (F, G) Stages 7–
p75NTR-IR expression in proximal ORS (F, arrows). Perifollicular n
(H) p75NTR null skin. Absence of any expression of p75NTR-IR
p75NTR-IR (red fluorescence) and pan-neuronal marker PGP 9.5-IR
9.5 in the perifollicular nerve fibers of FNB (yellow/orange flu
fluorescence, large arrowhead); single expression of PGP 9.5 in th
p75NTR in dermal papilla (red fluorescence, asterisk). (J) Covisuali
(green fluorescence) in skin nerves. p75NTR/S100 double-positive
arrows). In I and J, nuclei are counterstained by Hoechst 33342. DP, de
follicle isthmus; HM, hair matrix; HP, hair placode; M, melanin; IRS and
Copyright © 1999 by Academic Press. All rightPharmacological Manipulations in Vivo
Pharmacological administration of mouse monoclonal anti-KGF
neutralizing antibody (R&D Systems GmbH, Wiesbaden, Ger-
many) was performed intracutaneously to p75NTR knockout (n 5
) and wild-type mice (n 5 6) at P0. According to the manufactur-
er’s protocol, 5 mg/ml of this antibody completely neutralizes
ctivity of KGF in vitro and in vivo. Intradermal administration of
he same concentrations of mouse normal serum to newborn
75NTR null (n 5 6) and wild-type mice (n 5 6) was used as a
ontrol. All mice were assessed at P2, i.e., 48 h after injections, and
kin was harvested as described above. Morphometry and statisti-
al analyses were performed as described below.
Morphometry and Statistical Analysis
In embryonic and neonatal skin, more than 50 HFs in distinct
stages of morphogenesis, derived from five different mice of one
defined age were studied for each antigen analyzed. For each stage
of HF morphogenesis, the major IR patterns were recorded in
previously prepared, computer-generated schematic representa-
tions of murine HF development, which allow standardized repre-
sentative and systematic comparison of different IR patterns (Paus
et al., 1997a, 1999). For the precise identification of the defined
stages of HF morphogenesis, histochemical detection of endoge-
nous alkaline phosphatase activity was used, since this allows the
visualization of dermal papilla morphology and is used as a marker
for staging HF development and cycling (Handjiski et al., 1994;
Paus et al., 1999).
The percentage of HFs in different stages of morphogenesis was
assessed and calculated on the basis of accepted morphologic
criteria (Hardy, 1992; Holbrook and Minami, 1991; Paus et al.,
1997b; Philpott and Paus, 1998; Vielkind et al., 1995; Paus et al.,
999). The percentage of HF in defined stages of morphogenesis was
ssessed in p75NTR knockout mice at P0 and P3, as well as in their
orresponding age-matched wild-type littermates. Assessment of
he dynamics of HF morphogenesis after in vivo administration of
nti-KGF neutralizing antibody or mouse normal serum was per-
ormed in p75NTR knockout (n 5 12) and wild-type mice (n 5 12)
t P2. Only every tenth cryosection was used for analysis in order
o exclude the repetitive evaluation of the same HF, and two or
hree cryosections were assessed from each animal. A total of
50–350 follicles in 50–60 microscopic fields, derived from 3–5
nimals of every strain (approximately 50–60 follicles per animal),
ere analyzed and compared to the corresponding number of HFs
rom the appropriate, age-matched wild-type mice.
s 3–4. Prominent p75NTR-IR in DP fibroblasts (arrows), in single
ers approaching the follicular isthmus (large arrowheads). (E) Stage
bsence of any p75NTR-IR in DP (F, arrowhead) and appearance of
s located around isthmus show prominent p75NTR-IR (G, arrows).
the DP (arrowhead) and in ORS (arrows). (I) Covisualization of
en fluorescence) in skin nerves. Coexpression of p75NTR and PGP
cence, arrow) and in the dermal nerve bundles (yellow/orange
bepidermal nerves (green fluorescence, small arrowheads) and of
n of p75NTR (red fluorescence) and Schwann cell marker S100-IR
ves located close to the HF isthmus (yellow-orange fluorescence,Stage
e fib
8. A
erve
in
(gre
ores
e su
zatio
nerrmal papilla; EP, epidermis; FNB, follicular network B; HFI, hair
ORS, inner and outer root sheath, respectively. Scale bars, 50 mm.
s of reproduction in any form reserved.
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140 Botchkareva et al.For the analysis of Ki-67-IR DP fibroblasts, skin cryosections
from p75NTR knockout (n 5 3) and wild-type mice (n 5 3) at P3
ere used. At least 60–70 HFs at stage 5–6 of morphogenesis were
nalyzed from every strain, and the percentage of Ki67-IR cells per
otal number of dermal papilla cells was assessed. All sections were
nalyzed at 3200–400 magnification, and means and SEM were
alculated from pooled data. Differences were judged as significant,
f the P value was lower than 0.05, as determined by the indepen-
ent Student t test for unpaired samples.
RESULTS
p75NTR Is Prominently Expressed by Dermal
Papilla Fibroblasts and Skin Nerves during
Early Hair Follicle Morphogenesis
To provide a phenomenological basis for the possible
involvement of p75NTR in the control of HF morphogen-
esis, we characterized the in situ expression patterns of
75NTR-IR during HF morphogenesis in the back skin of
etal and neonatal C57BL/6 mice. To describe the distribu-
ion patterns of p75NTR-IR in mouse neonatal skin, we
sed three different antibodies directed against three dis-
inct epitopes of the p75NTR molecule, one of which was
roven previously to recognize mouse p75 NTR by Western
lot (Huber and Chao, 1995; Table 1). All three antibodies
ave identical patterns of p75NTR-IR during distinct stages
f HF morphogenesis, which are shown in representative
xamples in Fig. 1 and are schematically summarized in Fig.
.
In the back skin of C57BL/6 mice during early stages of
F development (stages 0–2, E16.5–18.5), p75NTR-IR was
xpressed by a population of fibroblasts, which form a
ermal condensation around the hair placode and are
losely adjacent to the placode epithelium (Figs. 1A, 1B, and
). In addition, skin nerves located below the developing HF
ere p75NTR positive (Figs. 1A and 1B). p75NTR-IR was
ound neither in the epidermal KC nor in the HF epithelium
uring early steps of HF development (E16.5–P2 skin).
During stages 3–5 of HF morphogenesis (E18.5–P2 skin),
rominent expression of p75NTR-IR was observed in the
broblasts of developing dermal papilla (DP; Figs. 1C, 1D,
nd 2). Single dermal fibroblasts, surrounding HFs of stage
–5, also became positive for p75NTR-IR (Figs. 1C and 1D).
lso, p75NTR appeared in nerve fibers closely approaching
he follicular isthmus of stage 4 HFs (Figs. 1C and 1D).
Later, during stages 6–7 of HF development (P3–P6 skin),
75NTR-IR expression substantially declined in DP fibro-
lasts (Figs. 1E and 2) and completely disappeared from the
P in fully developed HF (stage 8) (Fig. 1F). Interestingly, at
his time (stage 8 of the HF development), a switch in the
xpression patterns of p75NTR-IR from HF mesenchyme to
pithelium was observed, and p75NTR-IR appeared in KC
f the central and proximal ORS. During this period, a
rominent p75NTR-IR was still visible in the circular
erifollicular nerve fibers around the HF isthmus (Fig. 1F)
hat form the so-called follicular neural network B (FNB;
otchkarev et al., 1997a; Paus et al., 1997b).
Copyright © 1999 by Academic Press. All rightTo identify p75NTR-IR-positive nerves, we colabeled
75NTR-IR with pan-neuronal marker PGP 9.5-IR or with
chwann cell marker S100-IR (Botchkarev et al., 1997a;
aus et al., 1997b). Coexpression of p75NTR- and
PGP9.5-IR was seen in the follicular neural network B
around the hair follicle isthmus, as well as in the deep
dermal nerve bundles (Fig. 1I), while subepidermal nerve
fibers were only PGP 9.5-IR positive (Fig. 1I). p75NTR- and
S100-IR colocalized in dermal nerve bundles and in the
longitudinal fibers of FNB (Fig. 1J). In both double immu-
nostaining protocols, the dermal papilla showed only ex-
pression of p75NTR-IR (Fig. 1I).
Thus, during early steps of HF morphogenesis,
p75NTR-IR was prominently expressed by DP fibroblasts
and skin nerves, while in the fully developed HF
p75NTR-IR disappeared from the DP and was seen only in
the ORS and in perifollicular nerve fibers. Since the follicu-
lar DP plays a key role during HF development (Jahoda et
al., 1984; Jahoda and Reynolds, 1996; Paus and Cotsarelis,
1999; Oro and Scott, 1998; Botchkarev et al., 1999b), the
prominent expression of p75NTR-IR during stages 1–6
suggests a role for p75NTR in the control of the early steps
of HF morphogenesis. This hypothesis was tested in func-
tional assays.
p75NTR Knockout Mice Are Characterized by
Acceleration of Hair Follicle Morphogenesis
Based on the previous data that showed prominent
p75NTR expression in the DP and in perifollicular nerve
fibers during defined stages of HF morphogenesis (Figs. 1
and 2), and in order to explore a role for p75NTR during HF
development, we studied the dynamics of HF morphogen-
esis in homozygous p75NTR knockout mice at different
days of postnatal development (P0, P3). Because the begin-
ning of tylotrich HF development in embryonic murine
back skin is observed at E14.5, while the majority of pelage
HF begins to form between E16.5 and P1 (Hardy and
Vielkind, 1996; Paus et al., 1999; Vielkind et al., 1995),
these time-points were selected as most representative,
since this allowed estimation of dynamics of HF develop-
ment with a predominance of immature HF at P0, and a
preponderance of HF in later stages of development at P3
(Botchkarev et al., 1998a).
Samples of back skin from newborn p75NTR knockout
mice (P0) displayed a significantly lower percentage of HFs
at early stages (stages 1–2) (P , 0.01), and a significantly
higher number of HFs in advanced stages of development
(stage 6) (P , 0.01), than those from age-matched wild-type
animals (Figs. 3A–3C). Furthermore, as an important indi-
cator of acceleration of HF development in p75NTR knock-
out versus wild-type mice, a significant enhancement of
skin thickness (P , 0.05) was found in mutant mice (Figs.
3A, 3B, and 3D) compared to wild-type controls. However,
no significant differences in the total number of HF were
found in the back skin of p75 null and wild-type mice at P0
and P3 (data not shown).
s of reproduction in any form reserved.
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Copyright © 1999 by Academic Press. All rightAt P3, we found a significant increase (P , 0.05) in the
percentage of stage 8 HFs in p75 null versus wild-type skin
(Figs. 3D–3F). As illustrated by a representative photomi-
crograph (Fig. 3F), many HFs in p75NTR mutants already
showed the hair shaft emerging through the epidermis,
indicating the completion of HF morphogenesis in these
mice. In contrast, skin of wild-type controls at P3 displayed
significantly more stage 4 HF (P , 0.01), than p75NTR
null mice, i.e., HF where hair shaft formation has not even
started yet (Paus et al., 1999) (Fig. 2). Also, skin thickness
was significantly (P , 0.01) increased in p75NTR knock-
out versus wild-type mice (Figs. 3E, 3F, and 3J), further
suggesting acceleration of HF development in p75NTR
mutants.
These data suggest that p75NTR is involved in the
control of HF morphogenesis and that it serves as a receptor
that transduces inhibitory signals in early HF development.
Dermal Papilla Fibroblasts of p75NTR Knockout
Mice Are Characterized by Reduced Proliferative
Activity and by Alterations in TrkB Expression
As shown in different models, p75NTR plays an impor-
tant role in the control of cell transition from proliferation
to differentiation during development (Seidl et al., 1998;
rdiales et al., 1998). Specifically, it was demonstrated that
n PC12 cells p75NTR maintained the cellular population
n the cell cycle, while the appearance of TrkA receptor
xpression was associated with transition of the cells from
1 to G0 and with the beginning of cell differentiation
Urdiales et al., 1998). Therefore, to further elucidate the
utative function of p75NTR in the control of DP forma-
ion during HF development, we first compared the prolif-
rative activity of DP fibroblasts of neonatal p75NTR
nockout and wild-type mice at P0 and P3, using Ki67-IR as
marker.
Since DP fibroblasts are characterized by a very low
roliferation rate (Bassukas et al., 1992; Gunin et al., 1996;
agerl et al., in press), Ki67 was selected as the most
ensitive marker expressed during the S, M, and G2 phases
f the cell cycle (Gerdes et al., 1990). Interestingly, quanti-
cation of Ki67-IR in the population of DP fibroblasts of
Fs at stages 5–6 of morphogenesis showed a significant
eduction (P , 0.05) in the percentage of Ki67-positive DP
ells in p75NTR knockout mice, compared to wild-type
ontrols (Figs. 4A–4C).
Next, we checked whether deletion of p75NTR is asso-
iated with any alterations in the expression of Trk recep-
ors (as putative differentiation markers) by DP fibroblasts
numbers below the epidermis indicate the modified stages of HF
development according to Hardy (1992) (Paus et al., in press). The
ummary scheme was derived from analyzing .50 longitudinallyFIG. 2. Schematic representation of the distribution of
ectioned follicles from the back skin of five harvested C57BL/6
ice per time point.
s of reproduction in any form reserved.
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143p75 Neurotrophin Receptor and Hair Follicle Morphogenesisduring HF morphogenesis. Interestingly, we did not observe
any expression of the full-length isoforms of TrkA and
TrkC by DP fibroblasts of stage 5–6 HF in either p75NTR
knockout or wild-type mice (data not shown). However,
expression of the full-length gp145 form of TrkB was seen
already in stage 5–6 HF in both mouse strains, and this
expression appeared to be slightly increased in p75NTR
knockout versus wild-type mice (Figs. 4D and 4E). Interest-
ingly, and in striking contrast to wild-type HFs, no expres-
sion of the truncated gp95 isoform of TrkB was found in DP
fibroblasts of p75NTR mutants (Figs. 4F and 4G).
Since reportedly during development p75NTR is also
involved in the control of apoptotic cell death (Bamji et al.,
998; Carter et al., 1996; Casaccia-Bonnefil et al., 1996;
rade et al., 1996), we compared the expression of
poptosis-associated markers in DP fibroblasts of p75NTR
nockout and wild-type mice. However, no difference in
cl-2-IR in the DP was observed between p75NTR mutants
nd wild-type mice (Figs. 4H and 4I). Also, no TUNEL-
ositive cells were seen in the DP throughout HF develop-
ent in either p75NTR knockout or wild-type mice (Figs.
J and 4K).
Taken together, these data suggest that acceleration of
F development after deletion of p75NTR signaling is
ssociated, at least in part, with involvement of p75NTR in
he control of cell proliferation and differentiation during
P morphogenesis and probably with acceleration of DP
broblast differentiation in the absence of p75NTR.
Deletion of p75NTR Is Associated with
Upregulation of FGFR-2 Expression in the
Follicular Dermal Papilla and Outer Root Sheath
To examine the expression of key adhesion molecules
(NCAM), different morphogens, and their receptors
(TGFb2, TGFbRII, HGF/SF, m-met, FGF2, KGF, FGFR-1,
FGFR-2) as putative differentiation markers by DP fibro-
blasts (Mu¨ller-Ro¨ver et al., 1998; Paus et al., in press;
Lindner et al., 1999; Rosenquist and Martin, 1996; Foitzik
FIG. 3. Acceleration of hair follicle morphogenesis in p75NTR kn
was evaluated in cryostat sections of the skin of p75NTR knockou
using established morphological criteria (Philpott and Paus, 199
phosphatase activity to visualize the morphology of DP as an impo
al., 1994; Paus et al., 1997a). (A–D) HF morphogenesis in newborn
xamples of wild-type (A) and p75NTR knockout mice (B) at P0. H
ynamics of HF morphogenesis in p75NTR knockout and wild-type
f HF morphogenesis (stages 1, 2) and an increase of HF at stage 6 in
n p75NTR mutants is significantly enhanced at P0, compared to
ild-type mice at P3. (E, F) Representative skin examples of wild-t
evelopment are indicated by arabic numbers. Emergence of hair sh
isible in p75NTR null skin (F, arrows). (G) Dynamics of HF morpho
n the percentage of HF at final stage of HF morphogenesis (stage 8
ith wild-type animals. (H) Skin thickness in p75NTR mutants is ssterisks indicate significant differences between the same parameters i
tudent’s t test. EP, epidermis; PCM, panniculus carnosus muscle. Sca
Copyright © 1999 by Academic Press. All rightet al., 1999) in p75NTR knockout and wild-type mice, skin
cryosections of both strains at P0–P3 were immunostained
with the corresponding antisera. NCAM was selected as an
adhesion molecule, since its expression was shown to be
colocalized with p75NTR in many developing organs, in-
cluding the DP of the HF (Hardy and Vielkind, 1996;
Mu¨ller-Ro¨ver and Paus, 1998; Mu¨ller-Ro¨ver et al., 1998;
Vielkind et al., 1995; Wheeler and Bothwell, 1992; Wheeler
et al., 1998). However, no differences in NCAM expression
by DP fibroblasts were seen between mutant and WT mice
(Figs. 5A and 5B). Also, no visible abnormalities were found
in NCAM expression by skin nerve fibers in p75NTR
mutants and wild-type mice (data not shown).
Also, we have compared the expression of TGFb2 and
TGFbRII, since they are important modulations of HF
evelopment, between neonatal p75NTR null and wild-
ype mice (Foitzik et al., 1999; Paus et al., 1997a). However,
no differences in the DP expression of either TGFb2 or
GFbRII were seen in p75NTR mutants versus wild-type
ontrols (Figs. 5C–5F).
Furthermore, we have also tested in p75NTR null and
ild-type mice the expression of HGF/SF, FGF2, and KGF,
hich are expressed by DP fibroblasts during HF develop-
ent and which alter HF morphogenesis in vivo (Danilenko
t al., 1995; du Cros, 1993b; Jindo et al., 1998; Lindner et al.,
in press). Although HGF/SF was prominently expressed in
the DP during HF morphogenesis, and m-met, the receptor
for HGF/SF, was expressed in the hair matrix, no significant
differences in their expression were seen between mutant
and wild-type mice (Figs. 5G and 5H).
Interestingly, no expression of FGF2-IR was seen in the
DP of both mouse strains, while weak FGF2-IR was seen in
the hair matrix (Figs. 5I and 5J). Also, only weak expression
of KGF-IR was observed in the DP, hair matrix, and proxi-
mal ORS of stage 5–6 HF in both p75NTR null and
wild-type skin (Figs. 5K and 5L). However, consistent with
data of Danilenko et al. (1995) and Rosenquist and Martin
(1996), prominent expression of KGF-IR was found in the
DP of anagen VI HF in adolescent C57BL/6 murine skin,
ut mice. The percentage of HFs in defined stages of morphogenesis
d wild-type mice at P0 and P3 by quantitative histomorphometry
ections were stained for the detection of endogenous alkaline
indicator of the defined stages in HF morphogenesis (Handjiski et
TR knockout and wild-type mice (P0). (A, B) Representative skin
ifferent stages of development is indicated by arabic numbers. (C)
e show a significant decline in the percentage of HFs in early stages
TR mutants, compared with wild-type animals. (D) Skin thickness
-type mice. (E–H) Hair follicle development in p75NTR null and
(E) and p75NTR knockout mice (F) at P3. HF at different stages of
hrough epidermis, indicating acceleration of HF morphogenesis, is
sis in p75 knockout and wild-type mice show a significant increase
a decline of HF at stage 4 in p75NTR knockout mice, compared
cantly enhanced at P3, compared to wild-type mice. Mean 6 SEM,ocko
t an
8). S
rtant
p75N
F at d
mic
p75N
wild
ype
aft t
gene
) and
ignifi
n p75NTR knockout and wild-type mice, *P , 0.05, **P , 0.01,
le bars, 100 mm.
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144 Botchkareva et al.FIG. 4. Comparative analysis of proliferation and Trk-receptor and apoptotic marker expression in the dermal papilla of p75 NTR
knockout and wild-type mice during HF morphogenesis. Skin cryosections of p75NTR knockout and wild-type mice at P0 and P3 were
immunostained with antisera against Ki67 (B, C), full-length and truncated isoforms of TrkB (D–G), or Bcl-2 (H, I) or were processed for
TUNEL reaction (J, K). (A–C) Proliferative activity of the DP fibroblasts in p75NTR knockout and wild-type mice. (A) Quantification of
Ki67-IR in the population of DP fibroblasts of HF at stages 5–6 of morphogenesis showed a significant reduction in the percentage of
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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145p75 Neurotrophin Receptor and Hair Follicle Morphogenesisserving as a positive control for the KGF antiserum used
(Fig. 5O).
Since DP fibroblasts express FGFR-1 and FGFR-2 during
HF morphogenesis (Peters et al., 1992), and since signaling
through these receptors is functionally important for HF
development (du Cros, 1993a,b; Werner et al., 1994), we
compared the expression of FGFR-1- and FGFR-2-IR during
HF development between p75NTR knockout and wild-type
mice. Interestingly, no expression of FGFR-1-IR was seen in
the DP during HF development, neither in p75NTR mu-
tants nor in wild-type mice using our immunofluorescence
technique (data not shown).
However, using two antisera against different epitopes of
the FGFR-2 molecule, one of which specifically recognizes
in epithelial cells the FGFR-2 IIIb isoform (high-affinity
receptor for KGF; Werner, 1998), striking differences in the
expression of FGFR-2-IR were found between p75NTR
knockout and wild-type mice. Surprisingly, the DP of stage
5–6 HFs in p75NTR null skin showed a dramatic upregu-
lation of this receptor, while only weak staining was seen in
the DP of wild-type skin (Figs. 5M and 5N). In addition,
enhanced expression of FGFR-2-IR was observed in an ORS
of p75NTR knockout mice, and only weak expression was
found in the hair matrix of wild-type controls. Consistent
with previous observations (Rosenquist and Martin, 1996),
the expression of FGFR-2-IR was seen in hair matrix cells
adjacent to the DP of anagen VI HF in adolescent C57BL/6
mice, serving as a positive control for FGFR-2 immuno-
staining (Fig. 5P). Thus, in addition to alterations in their
proliferative activity (Figs. 4A–4C), DP fibroblast of
p75NTR null mice showed increased expression of FGFR-2
IIIb, the high-affinity receptor for KGF (Werner, 1998). This
suggests an important role for p75NTR in the regulation of
FGFR-2/KGF signaling during HF morphogenesis.
Anti-KGF Neutralizing Antibody Blocks the
Acceleration of Hair Follicle Morphogenesis
in p75NTR Null Mice in Vivo
Finally, we tested the hypothesis that upregulation of
FGFR-2 expression in the DP and ORS during HF mor-
phogenesis in p75NTR mutants is associated with an
enhancement of KGF signaling in the developing HF,
Ki67-positive DP cells in p75NTR knockout versus wild-type mice
p75NTR null skin (C, C9). Ki67-positive DP cells in the wild-type (B
note that among 13 Hoechst 333421 dermal papilla cells showed in
1 Ki671 cell (C) is seen among 14 Hoechst 333421 dermal papilla fib
soform. Expression of this receptor in hair matrix, DP, and proxim
f TrkB-IR in the DP of mutant versus wild-type skin (arrowheads
ollicular DP of p75NTR knockout mice (G, arrowhead), while th
rrowhead). Note that gp95 TrkB-IR is equally seen in the proxim
ifference in Bcl-2-IR expression in DP was observed between p7
UNEL-positive cells was seen in DP of both mouse strains (arrowhead
ingle KC. Nuclei are counterstained by Hoechst 33342.
Copyright © 1999 by Academic Press. All righteading to an acceleration of HF morphogenesis, as shown
reviously in different models (Danilenko et al., 1995;
erner et al., 1994). Therefore we administered anti-KGF
eutralizing antibody to newborn p75NTR knockout and
ild-type mice.
Interestingly, no significant differences in the dynamics
f HF development were seen in wild-type skin, treated
ither with anti-KGF antibody or with mouse normal
erum serving as a control (Figs. 6A, 6B, and 6C). However,
dministration of anti-KGF antibody to p75NTR knockout
ice significantly retarded HF development, compared to
utant mice treated only with normal mouse serum (Figs.
A, 6D, and 6E). p75NTR null skin, treated with anti-KGF
ntibody, was characterized by a significant (P , 0.05)
reduction of HF in stages 7–8 of morphogenesis, compared
to the vehicle control.
This suggests that acceleration of HF morphogenesis after
deletion of p75NTR is at least in part mediated by an
increase of KGF/FGFR-2 signaling in both follicular DP and
epithelium, which appreciated to stimulate HF develop-
ment (Danilenko et al., 1995; Werner et al., 1994).
DISCUSSION
Increasing evidence suggests that neurotrophins play im-
portant roles in the control of HF morphogenesis: neurotro-
phins and their receptors are expressed in skin during HF
development, overexpression of NT-3 in transgenic skin is
accompanied by acceleration of HF morphogenesis, while
deletion of NGF, NT-3, or TrkC leads to retardation of HF
development (Botchkarev et al., 1998a, Botchkareva et al.,
1999; Crowley et al., 1994). Stimulatory effects of neuro-
trophins on HF morphogenesis occur as a result of their
complex interactions with high-affinity neurotrophin re-
ceptors and with the low-affinity p75NTR expressed by
both HF epithelium and mesenchyme during HF develop-
ment (Botchkarev et al., 1998, 1998a; Holbrook and Mi-
nami, 1991; Holbrook et al., 1993b). However, the precise
roles for these two classes of neurotrophin receptors during
HF morphogenesis are not known.
Here, we show that p75NTR, which is expressed by
mesenchymal cells that form dermal condensation and
9, C, C9) Representative examples of HF from wild-type (B, B9) and
and p75NTR null hair follicles (C, C9) are labeled by arrows. Please
wild-type hair follicle (B9) 3 cells are clearly Ki671 (B), while only
sts (C9) in the p75NTR mutant skin. (D, E) Full-length gp145 TrkB
S in wild-type (D) and p75NTR null skin (E). Slight enhancement
G) Truncated gp95 TrkB isoform. Absence of this receptor in the
of wild-type HF show prominent expression of the TrkB gp95 (F,
RS of wild-type and mutant HF (F, G, arrows). (H, I) Bcl-2-IR. No
R mutants and wild-type mice (arrowheads). (J, K) TUNEL. No. (B, B
, B9)
the
robla
al OR
). (F,
e DP
al O
5NTs). Arrow in J shows a TUNEL positivity in the inner root sheath
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147p75 Neurotrophin Receptor and Hair Follicle Morphogenesislater form dermal papillae during HF morphogenesis (Hol-
brook and Minami, 1991; Holbrook et al., 1993), is func-
tionally relevant for the control of HF development.
(i) p75NTR displays spatiotemporally restricted patterns
of expression during HF development;
(ii) deletion of p75NTR signaling is associated with an
acceleration of HF morphogenesis in vivo;
(iii) p75NTR is involved in the control of DP cell
proliferation/differentiation and KGF/FGFR-2 signaling
during HF morphogenesis.
Spatiotemporal Expression Patterns of p75NTR
during HF Morphogenesis Are Not Associated with
Apoptotic Cell Death and Suggest That p75 NTR
Plays a Role in the Proliferation/Differentiation
Transition in Dermal Papilla Fibroblasts
During early steps of HF morphogenesis expression of
p75NTR is restricted to the dermal condensation (Figs. 1
and 2), which later forms the DP, the key mesenchymal
component of the HF (Jahoda et al., 1984; Jahoda and
eynolds, 1996). Reportedly, this slow-renewal cell popula-
ion with highly specialized functions of stimulating hair
atrix KC proliferation/differentiation is characterized by a
igh expression of Bcl-2 and an absence of apoptosis during
F development and cycling (Lindner et al., 1997; Pola-
owska et al., 1994; Seiberg et al., 1995; Magerl et al., 1999).
Although the ability of p75NTR to mediate cell death was
demonstrated previously in different models (Bamji et al.,
1998; Carter et al., 1996; Casaccia-Bonnefil et al., 1996;
Frade et al., 1996), our data suggest that the function of
p75NTR during morphogenesis of the follicular DP is not
related to apoptosis control. Indeed, in line with other
reports (Magerl et al., in press; Polakowska et al., 1994), DP
fibroblasts in both p75NTR mutant and wild-type skin
show a high level of expression of Bcl-2 and do not display
any TUNEL positivity throughout HF development (Figs.
4H–4K).
FIG. 5. Comparative analysis of the expression of adhesion mole
p75 NTR knockout and wild-type mice during HF morphogenesis.
P3 were immunostained with antisera against NCAM (A, B), TGFb2
(M, N). Skin sections of adolescent C57BL/6 mice at anagen VI sta
against KGF (O) or FGFR-2 (P). (A, B) NCAM. Prominent NCAM ex
both wild-type mice (A) and p75NTR mutants (B). (C, D) TGFb2. Th
nd in the ORS (arrows) of both mouse strains. (E, F) TGFbRII. TG
ithout any differences between wild-type (E) and p75NTR knock
n DP fibroblasts of both wild-type (G, arrowhead) and p75NTR m
een in the DP of both mouse strains (arrowheads), while a weak F
xpression of KGF-IR was observed in the DP (small arrowheads),
F in both wild-type (K) and p75NTR null skin (L). (M, N) FGFR-2. T
75NTR knockout and wild-type mice. DP as well as KC of ORS of
eceptor (N, arrowhead and arrow, respectively), while only weak s
rrowhead and arrow, respectively). (O) Positive control for KGF an
I HFs in adolescent C57BL/6 murine skin (arrow). (P) Positive con
GFR-2-IR in HM cells adjusted to DP of anagen VI HF in adolescent C
Copyright © 1999 by Academic Press. All rightExpression of p75NTR in the DP disappears at stages 7–8
of HF morphogenesis, which is associated with the onset of
p75NTR expression in the proximal and central ORS (Figs.
1 and 2). Because similar dynamics of p75NTR expression
are described for other developmental models, where a
downregulation of p75NTR was shown to be essential for
guiding cells from proliferation toward differentiation (Erck
et al., 1998; Ramaekers et al., 1997; Russo et al., 1994; Seidl
et al., 1998), it is likely that p75NTR plays a role in the
control of cell proliferation and differentiation in DP during
HF morphogenesis.
Recently, we found that DP fibroblasts display maximal
proliferative activity during stages 4–5 of HF morphogen-
esis (Magerl et al., in press), i.e., at the beginning of inner
root sheath differentiation, hair pigmentation unit forma-
tion, and the onset of hair shaft production (Hardy, 1992;
Philpott and Paus, 1998; Paus et al., 1999). Interestingly, we
also show a prominent expression of p75NTR-IR in DP
during stages 4–5 of HF development in wild-type skin (Fig.
1E), while the deletion of p75NTR in p75NTR mutants is
associated with a significant reduction of the proliferation
rate in DP of stage 4–5 HF (Figs. 4A–4C). Our data are
consistent with recent findings that high-level expression
of p75NTR maintains PC12 cells in the cell cycle, while the
appearance of TrkA and downregulation of p75NTR expres-
sion are associated with the transition of cells from the G1
to the G0 phase and with the beginning of cell differentia-
tion (Urdiales et al., 1998).
Although we did not find any TrkA expression in DP
during HF development (Botchkareva et al., 1998), our data
show that reduction of p75NTR in DP of wild-type HF
during stages 6–8 of HF development is associated with the
onset of expression of other high-affinity neurotrophin
receptors, TrkB (Figs. 1E, 1F, and 4D–4G) and TrkC (Botch-
karev et al., 1998a). This indicates that the disappearance of
the p75NTR and the onset of TrkB/TrkC expression in DP
during stages 6–7 of HF development might be relevant for
the transition of DP fibroblasts from proliferation to
, morphogens, and their receptors by dermal papilla fibroblasts in
cryosections of p75NTR knockout and wild-type mice at P0 and
), TGFbRII (E, F), HGF/SF (G, H), FGF2 (I, J), KGF (K, L), or FGFR-2
the induced hair cycle were used as positive controls for antisera
sion was found in DP fibroblasts (arrowheads) and ORS (arrows) of
ntical expression of TGFb2-IR was observed in the DP (arrowheads)
II-IR was visible in the DP (arrowheads) and in the ORS (arrows)
ice (F). (G, H) HGF/SF. Prominent HGF/SF expression was found
t mice (H, arrowhead). (I, J) FGF 2. No expression of FGF2-IR was
-IR was seen in the hair matrix (arrows). (K, L) KGF. Only a weak
atrix (large arrowheads), and proximal ORS (arrows) of stage 5–6
triking differences in expression of FGFR-2-IR were found between
e 5–6 HF in p75 null skin showed a prominent upregulation of this
ng was seen in the DP and in HF epithelium of wild-type skin (M,
um showed a prominent expression of KGF-IR in the DP of anagencules
Skin
(C, D
ge of
pres
e ide
FbR
out m
utan
GF2
hair m
he s
stag
taini
tisertrol for FGFR-2 immunostaining, demonstrating expression of
57BL/6 mice (arrow). Scale bars, 50 mm.
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148 Botchkareva et al.FIG. 6. Anti-KGF neutralizing antibody blocks the acceleration of hair follicle morphogenesis in p75NTR null mice in vivo. Intradermal
administration of 5 mg/ml anti-KGF neutralizing antibody was performed on newborn p75NTR knockout (n 5 6) and wild-type mice (n 5
) at P0. Injections of the corresponding amounts of mouse normal serum to age-matched p75NTR null (n 5 6) and wild-type mice (n 5
) were used as vehicle control, and the percentage of stage 7–8 HF was assessed after 48 h. (A) No significant differences between
ercentage of stage 7–8 HF were observed in wild-type skin, treated either with anti-KGF antibody or with mouse normal serum.
dministration of anti-KGF antibody to the p75NTR knockout mice resulted in the significant reduction of HF at stages 7–8 of
orphogenesis, compared to mutant mice, treated with normal mouse serum (mean 6 SEM, asterisks indicate significant differences from
he control, Student’s t test, *P , 0.05). (B, C) Representative examples of wild-type skin treated either with mouse serum (B) or with
anti-KGF antibody (C). (D, E) Representative examples of p75NTR mutant skin treated either with mouse serum (D) or with anti-KGF
antibody (E). Fully developed HF showed the emergence of the hair shaft through the epidermis in control biopsy (D, arrow), while in the
treated biopsy most of the HFs were still at stage 5–7 of HF morphogenesis (E). HFs at the defined stages of morphogenesis are indicated
by arabic numerals. Scale bar, 100 mm.
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149p75 Neurotrophin Receptor and Hair Follicle Morphogenesisdifferentiation/maturation, associated with an upregulation
of their growth factor secretion for hair matrix KC. Inter-
estingly, similar roles were proposed for p75NTR expres-
sion in the dental papilla during tooth morphogenesis
(Luukko et al., 1996).
Interestingly, compared to wild-type mice, DP fibroblasts
n p75NTR null skin do not show any expression of the
runcated gp95 TrkB isoform (Figs. 4F and 4G), reportedly
erving as a dominant negative receptor, inhibiting signal-
ng through full-length gp145 TrkB (Eide et al., 1996). This
uggests that in contrast to wild-type HF, the full-length
rkB receptor in the DP of p75NTR mutants is not sup-
ressed by its truncated isoform and is likely to be func-
ional. The enhanced signaling via the full-length TrkB
eceptor, together with p75NTR deletion, might further
timulate differentiation/maturation of the DP fibroblasts,
ollowed by an increase of their growth factor production
or hair matrix keratinocytes, leading to the acceleration of
F development in p75NTR mutants.
Acceleration of HF Morphogenesis after Deletion
of p75NTR Signaling Is Most Likely
Nerve-Independent
We show here that deletion of p75NTR is associated with
acceleration of HF development in vivo (Fig. 3). Impor-
tantly, the most prominent acceleration of HF development
in p75NTR knockout mice is seen already at P0, when
p75NTR is expressed exclusively by DP fibroblasts, skin
nerve fibers, and Schwann cells (Fig. 1). Since HF morpho-
genesis in embryonic and neonatal mouse back skin occurs
together with the development of skin innervation (Peters
et al., 1999; Philpott and Paus, 1998), and since reportedly
local administration of the sympathetic neurotoxin
6-hydroxydopamine retards HF development (Asada Kub-
ota, 1995), the observed acceleration of HF morphogenesis
in p75NTR null mice could at least in part be associated
with alterations of skin sympathetic innervation after de-
letion of p75NTR.
Furthermore, since p75NTR mediates developmental cell
death in the cervical sympathetic ganglion neurons (Bamji
et al., 1998), one could expect sympathetic hyperinnerva-
tion in skin of p75NTR mutants. However, in additional
experiments we have demonstrated that the back skin of
p75NTR mice at P1, i.e., around the time-point when
maximal acceleration of HF development was seen (Fig. 3),
does not show any signs of sympathetic hyperinnervation,
compared to the corresponding age-matched wild-type mice
(Peters et al., unpublished observations). In another set of
additional experiments, we have observed that blockade of
p75NTR signaling by a synthetic antagonist (Yaar et al.,
1997) stimulates HF development in organ culture, i.e., in
the absence of functional skin nerves (Botchkareva et al.,
unpublished observations). This suggests that the inhibi-
tory effects of p75NTR on HF development are most likely
nerve-independent and are directly associated with a role in
the control of DP formation and function.
Copyright © 1999 by Academic Press. All rightDeletion of p75NTR Is Associated with
Upregulation of KGF/FGFR-2 Signaling
in the Developing HF
At present we cannot exclude an effect of p75NTR on the
expression of other growth factors, their antagonists, recep-
tors, and/or transcription activators (e.g., BMP-4, noggin,
platelet-derived growth factor receptor-A, Patched-1, Lef-1)
which are found to be expressed in the DP and accepted to
be involved in the control of HF development (Botchkarev
et al., 1999b; Lyons et al., 1990; St-Jaccques et al., 1998;
Philpott and Paus, 1998; Zhou et al., 1995). Yet, our data
suggest that p75NTR is important for the control of KGF
signaling through FGFR-2, which is upregulated in the
developing DP and ORS of p75NTR null mice. This may
explain at least in part the acceleration of HF morphogen-
esis in p75NTR mutants.
If one considers that there was no difference in NCAM,
TGFb, TGFbRII, HGF/SF, and m-met expression in the
developing HF between p75NTR mutants and wild-type
controls (Figs. 5A–5H) it appears most promising to focus
on the FGF family. FGF2, KGF, and their corresponding
receptors, FGFR-1 and FGFR-2, are functionally important
for HF development (du Cros, 1993a,b; Guo et al., 1993,
1996; Werner et al., 1994), and the ability of BDNF to
stimulate FGF-2 production via interaction with p75NTR
was also recently demonstrated (Wexler et al., 1998).
We show that acceleration of HF morphogenesis in
p75NTR mutants is associated with substantial upregula-
tion of FGFR-2 in DP fibroblasts and in the outer root
sheath of stage 5–6 HF (Figs. 5M and 5N). Although FGFR-2
serves as a high-affinity receptor for both FGF2 and KGF
(Werner, 1998), we used an antibody that specifically rec-
ognizes the FGFR-2 IIIb isoform (gift of Dr. S. Werner), i.e.,
the high-affinity receptor for KGF (Werner, 1998). Further-
more, involvement of FGF2 in the acceleration of HF
development in p75NTR mutants is unlikely, since report-
edly in vivo administration of FGF2 into newborn mice
causes the opposite effects and leads to substantial retarda-
tion of HF morphogenesis (du Cros, 1993a,b). Consistent
with previous findings showing that KGF is a strong stimu-
lator of HF development (Danilenko et al., 1995; Werner et
al., 1994), we show that administration of anti-KGF neu-
tralizing antibody significantly reduces the acceleration of
HF morphogenesis in p75NTR knockout mice and causes
no obvious effects on this process in wild-type skin (Fig. 6).
This suggests an important role for p75NTR in the control
of FGFR-2 expression and, as a result, in the effects of its
corresponding ligand, KGF, in HF development.
It is well appreciated that KGF is functionally important
for HF development: overexpression of dominant-negative
FGFR-2 is associated with retardation of HF morphogenesis
(Werner et al., 1994), administration of KGF stimulates hair
matrix keratinocyte proliferation (Danilenko et al., 1995),
and the deletion of KGF is accompanied by the appearance
of rough fur, similar to that of rough mouse mutation (Guo
et al., 1996). Interestingly, similar to deletions of KGF or
s of reproduction in any form reserved.
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150 Botchkareva et al.FGFR-2 in the corresponding mutants, overexpression of
KGF in the basal epidermal and ORS KC via the K14
promoter also leads to the retardation of HF development
(Guo et al., 1993), indicating that the effects of KGF on HF
morphogenesis are likely to be dependent on the dose, time,
and site of KGF production in skin.
Considering that KGF deletion is more important for the
morphology of the hair shaft produced during the late stages
of HF development than for early steps of morphogenesis
(Guo et al., 1996), our data suggest that p75NTR, which is
rominently expressed in DP during early stages of HF
orphogenesis (Figs. 1 and 2), functions as inhibitory recep-
or, preventing the early onset of KGF/FGFR-2 signaling in
he developing DP. However, a precise characterization of
he early steps of hair follicle development in KGF knock-
ut mice or in p75NTR/KGF double mutants should serve
s the best proof for the validity of this hypothesis.
p75NTR Signaling Serves as an Important
Negative Component in the Complex Stimulatory
Effects of Neurotrophins on HF Morphogenesis
Since we show here that p75NTR plays inhibitory roles
during HF morphogenesis (Fig. 3), while NGF and NT-3
induce opposite effects and accelerate HF development
(Botchkarev et al., 1998a; Crowley et al., 1994), our findings
suggest that neurotrophins induce their stimulatory effects
primarily via interactions with their high-affinity Trk re-
ceptors, which are expressed exclusively in the HF epithe-
lium during early stages of HF development (Botchkarev et
al., 1998a; Botchkareva et al., 1998). Indeed, recently we
have shown that constitutive deletion of TrkC is associated
with significant retardation of hair follicle development
(Botchkareva et al., 1999).
Most likely, during the early steps of HF development,
eurotrophins may not only promote KC proliferation via
he stimulation of Trk receptors expressed in the follicular
pithelium, but may also control the proliferation/
ifferentiation transition in DP fibroblasts, as well as down-
egulate FGFR-2 expression and limit KGF-stimulatory
ction on HF morphogenesis via interaction with mesen-
hymally expressed p75NTR. Therefore, p75NTR signaling
erves as an important negative component limiting the
timulatory effects of neurotrophins on the developing HF
uring early HF morphogenesis. During the late steps of HF
evelopment, when p75NTR disappears from the DP and is
xpressed together with Trk receptors in the follicular ORS
Botchkarev et al., 1998a; Botchkareva et al., 1998) (Fig. 1),
he stimulatory effects of neurotrophins on HF develop-
ent are obviously not limited anymore by their additional
inding to p75NTR on DP cells.
Taken together, our data support an important inhibitory
ole for p75NTR during HF development, which most
ikely involves inhibition of the proliferation/ differentia-
ion transition in DP fibroblasts, as well as a downregula-
ion of KGF/FGFR-2 signaling in the developing HF.
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